Objective To assess whether parents who were born small for gestational age (below the 10th birthweight centile, SGA) have increased risk of severe or mild placental abruption. To assess whether a history of SGA in other family members modifies this intergenerational effect.
Introduction
Placental abruption is associated with adverse outcomes such as fetal growth restriction, preterm delivery, and perinatal and maternal death. [1] [2] [3] [4] [5] [6] Although relatively rare, more than 10% of all cases of perinatal death are caused by placental abruption. 3, 7 It is well known that the fetuses of pregnancies in which placental abruption occurs are often small for gestational age (SGA). 3, 5, 8, 9 We have previously shown that placental abruption, particularly severe placental abruption, tends to recur from one pregnancy to another in the same woman and between sisters. 10, 11 Moreover, a history of giving birth to an SGA infant is associated with an increased risk of placental abruption in a later pregnancy in the same woman, 12, 13 and vice versa. 12, 14 This suggests that SGA and placental abruption may share genetic or persisting environmental aetiological factors. Family studies may provide information on this connection, which is important from both a clinical and research point of view.
There is evidence that women who were born SGA have an increased risk of placental abruption and pre-eclampsia. 12, 15 This intergenerational effect may be more pronounced in severe placental abruption, compared with mild placental abruption, because a severe polygenic trait or pregnancy complication is generally more likely to recur than a mild trait. 16 A polygenic trait tends to have a higher recurrence rate between relatives if other relatives also are affected. 16 Thus, the intergenerational effect of SGA on the risk of placental abruption may be modified by a family history of SGA.
If a genetic or environmental cause of impaired placental development tends to recur from mother to daughter, it would be expected that a woman who was born SGA has an increased risk of developing placental abruption. In line with this, one may ask whether a man, himself born SGA, could transmit an increased risk of placental abruption to his partner's pregnancy. Alternatively, an association between SGA and later placental abruption would be consistent with the hypothesis that fetal undernutrition may cause a vulnerability for developing diseases such as chronic hypertension later in life. 17 The aim of the present study was to assess whether a pregnant woman who was born SGA has an increased risk of severe or mild placental abruption, and whether the same applies to a pregnant partner of a man himself born SGA. We also wanted to investigate whether a family history of SGA, in siblings or in siblings' offspring, modifies the intergenerational effect of being born SGA on the risk of placental abruption.
Methods

Sources of data
Since 1967, all births in Norway have been registered in the Medical Birth Registry of Norway (MBRN), based on compulsory notification. 18 The registry consists of medical data on all live births and stillbirths at ≥16 weeks of gestation, which was extended to 12 weeks of gestation in 2002, including terminations of pregnancy. Data are transferred by the midwives to the MBRN notification form from the pregnancy record, which the women bring to the delivery unit. In December 1998 a revised version of the notification form was implemented to include new variables, like data on maternal smoking, which are notified by the checking of boxes. 18 From 2007 onwards maternal body mass index (BMI) was recorded in 42% (181 425/430 197) of all births notified to the MBRN. The transition to online electronic recording began in 2006 and is now implemented in most delivery units in Norway. Using the national personal identification number, socio-economic variables from Statistics Norway, such as parents' education and country of origin, were linked with data from the MBRN. We also used a genealogy file provided by the Central Population Registry of Norway, 19 which was established in 1964, with data from the national census in 1960. Since then the population registry has been updated, online after 1994, with the current registration of births and immigrations. For individuals born after 1954, the links to parents are considered almost complete. 19 
Construction of generational files
From 1967 to 2013, 2 764 779 births were registered in the MBRN. Using the personal identification number, newborns were subsequently identified as parents. The generational files included 899 291 mother and offspring pairs and 732 239 father and offspring pairs (Figure 1 ). The number of men with data on their own births was lower than for women: this was because they were generally older than the women (mean difference: 1.9 years), and thus fewer of their births were recorded in the MBRN from 1967. The study was confined to singletons in the first and second generation, and Figure 1 ). In 538 342 parent-offspring pairs both parents fulfilled these criteria.
Family aggregation of SGA
To assess whether the intergenerational effect on placental abruption of being born SGA was influenced by a history of SGA at birth of other family members, we extended the generation study to include information on whether the parent's full sibling or the full sibling's offspring (the latter hereafter referred to as the parents' niece or nephew) were born SGA ( Figure 1 ). Thus, each record included MBRN data for four births (tetrads of births), the birth of the parent and its offspring, in addition to the birth of the parent's sibling and the sibling's offspring (parent's niece/ nephew). The parent and its sibling's offspring constituted an aunt/uncle-niece/nephew pair, sharing on average 25% of their genes, whereas pairs of siblings and pairs of their offspring (cousin pairs) share 50 and 12.5% of their genes, respectively. To identify tetrads of births, we used the genealogy file provided by the Central Population Registry of Norway and linked these data with mother-offspring and father-offspring pairs to obtain 272 941 tetrads that included mother-offspring pairs and 265 505 tetrads that included father-offspring pairs ( Figure 1 ). If the parent had more than one sibling, we selected the parent's niece/ nephew born immediately before the birth of the parents' offspring, in order to make each record in the file reflect the time aspect in the family history.
Outcome variables
Outcome variables were mild and severe placental abruption and placental abruption in general. Placental abruption, defined as the premature separation of a normally situated placenta, is usually a clinical diagnosis that is based on prenatal signs and symptoms, including antepartum bleeding, uterine pain or tenderness, or fetal distress. According to current practice in Norwegian hospitals, the diagnostic criteria also include retroplacental impression or blood clot. Severe placental abruption was defined as a birth with placental abruption before 37 weeks of gestation, birthweight below the 10th centile or with perinatal death, whereas other cases of placental abruption were defined as mild. 10 The main independent variable was infant size in terms of gender-, birth order-(1 and 2+), and gestational age-specific birthweight empirical percentiles (<5th, <10th, >90th, and >95th percentiles), based on all singleton births among the 2 764 779 births registered from 1967 to 2013. SGA and large for gestational age (LGA) were defined as birthweights below the 10th percentile and above the 90th percentile, respectively.
To assess whether the association between birthweight percentile and later placental abruption differed with time period, we added an interaction term between birthweight percentile and year of the first-generation birth, categorised into 1967-1969, 1970-1972, and 1973-1975 , in the regression model. Each cohort of newborns was followed up to 39-41 years of age.
Statistical analysis
The associations between birthweight percentiles in the parents' own births (first generation) and placental abruption in the subsequent pregnancy (second generation) were estimated by relative risks (RRs) obtained from log-binomial regression analysis. As one parent may contribute to more than one birth, which may influence the standard errors of relative risks, multilevel regression analyses were performed. Using a stepwise forward regression procedure, we selected potential confounding factors among the following variables: maternal age in years (<20, 20-24, 25-29, 30-34, 35-39, 40-44, >44 years), period of birth (1967-74, 1975-82, 1983-90, 1991-98, 1999-2006, 2007-13) , mother's education in years (<8, 8-10, 11-12, 13-17, >17 years, unknown), marital status (married/cohabiting, other), parents' country of origin (Norway, Nordic countries outside Norway, other countries), and parity (0, 1, 2, 3, 4+). We assessed whether the presence of additional maternal risk factors [chronic renal disease; chronic heart disease; chronic hypertension; rheumatoid arthritis; diabetes mellitus types 1 and 2, and gestational diabetes; smoking in the beginning of pregnancy (no, occasionally, daily, not recorded), maternal BMI (<18. 
Results
Women who were born SGA were more likely to develop placental abruption than those with birthweights lying in the 10-90th percentile range (n = 785 333; Figure 1 ; Table 1 ). The occurrence increased with decreasing maternal birthweight percentile. Women with birthweights below the 10th percentile were 30-40% more likely to have placental abruption than women with birthweights in the 10-90th percentile range (adjusted RRs 1.3, 95% CI 1.2-1.5 and 1.4; 95% CI 1.2-1.5 for <5th and the 5.0-9.9th percentile ranges, respectively). Analysing the effects of SGA on the risk of severe and mild placental abruption separately, we found that the effect of SGA on severe placental abruption was increased (adjusted RR 1.5, 95% CI 1.3-1.8), whereas the risk of mild placental abruption showed no significant association with birthweight percentile. Being born LGA had a protective effect on severe placental abruption (RR 0.6, 95% CI 0.5-0.9 to 0.7; 0.5-0.9), but not on mild placental abruption. The effects of adjusting for possible confounding factors were small. Limiting the analyses to mothers who were born at term (≥37 weeks of gestation) did not significantly change the effects (data not shown). The effect of preterm SGA was similar, but the numbers of women born both preterm and SGA were small, and the effects on placental abruption were not statistically significant.
We calculated similar risks in 643 066 father-offspring pairs ( Figure 1 ). Men whose birthweights were in the <5th and 5-9.9th percentile ranges were more likely to father a pregnancy with placental abruption than men with birthweights in the 10 _ 90th percentile range (adjusted RRs for placental abruption in general 1.2; 95% CI 1.0-1.4, and 1.3; 95% CI 1.1-1.5, respectively; data not shown). The effects on severe placental abruption were similar, but did not reach significance. Table 2 shows the occurrence and RRs of placental abruption according to combinations of both parents' birthweight percentiles (n = 538 342). If both parents had birthweights below the 10th percentile the RR of severe placental abruption was 1.9 (95% CI 1.3-2.8), compared with both parents with birthweights ≥10th percentile. If both parents had birthweights <5th percentile the RR of severe *Adjusted for period of birth (1967-74, 1975-82, 1983-90, 1991-98, 1999-2006, 2007-13) and marital status (married/cohabiting, other). **Adjusted for period of birth (1967-74, 1975-82, 1983-90, 1991-98, 1999-2006, 2007-13) and parity (0, 1, 2, 3, 4+). ***Adjusted for period of birth (1967-74, 1975-82, 1983-90, 1991-98, 1999-2006, 2007-13) , marital status (married/cohabiting, other), and parity (0, 1, 2, 3, 4+).
placental abruption was 2.4 (95% CI 1.2-4.8), compared with both parents with birthweights ≥5th percentile (data not shown). For severe placental abruption the effects were more pronounced and consistent than for mild placental abruption. Whereas the maternal effects on severe placental abruption and placental abruption in general were statistically significant, the paternal effects were less so and inconsistent. Still, the paternal and maternal effects were additive. The occurrence of placental abruption in the second generation was less than in the total study period (0.6%) because of declining incidence. We investigated whether a family history of SGA, in parents' siblings or nieces/nephews, modified the intergenerational effect of being born SGA in 272 941 motheroffspring pairs and in 265 505 father-offspring pairs (Figure 1) . Parents whose siblings' or niece/nephews' births were complicated by placental abruption or without a record as newborns in the MBRN were excluded. Table 3 shows occurrences and RRs of placental abruption according to combinations of the mother's and her sibling's birthweight percentiles in 272 941 tetrads of births. The combined effect of birthweights of <10th percentile in both the mother and her sibling on severe placental abruption was about twofold (RR 2.4, 95% CI 1.7-3.3), compared with birthweights ≥10th percentile for both. There were additive effects on mother's and sibling's percentiles. In this sample there was no excess risk of mild placental abruption. We found similar effects for mothers and siblings with birthweights of <5th percentile (data not shown), with RR 2.7 (95% CI 1.7-4.4) for the combined effect on risk of severe placental abruption. The combined effects on placental abruption in general of birthweights of <10th and <5th percentiles were also significant (RR 1.8, 95% CI 1.4-2.3, for <10th percentile; RR 1.9, 95% CI 1.2-2.9, for <5th percentile; data not shown). Stratifying for the sibling's gender or adding the sibling's gender in the model had no significant effect on the outcomes. Similarly, we assessed whether the corresponding paternal generational effects were influenced by the sibling's birthweight percentile in 265 505 tetrads of births (Figure 1) . We found no excess risk of placental abruption if the father's sibling had a birthweight of <10th percentile, regardless of the sibling's gender (data not shown). Table 4 shows occurrences and RRs of placental abruption according to combinations of the mother's and her niece's or nephew's birthweight percentile in 272 941 tetrads of births. The combined effect of birthweights of <10th percentile in both the mother and her niece/nephew on severe placental abruption was about twofold (RR 2.3, 95% CI 1.3-3.9), compared with birthweights of ≥10th percentile for both. There were additive effects of the mother's and the niece/nephew's birthweight percentiles. In this sample there was no excess risk on mild placental abruption. We found similar effects for mothers and nieces/nephews with birthweights of <5th percentile (data not shown), with RR 4.5 (95% CI 2.2-9.0) for the combined effect on the risk of severe placental abruption. The combined effects of birthweights of <10th and <5th percentiles on the risk of placental abruption in general were also significant: RR 1.7 (95% CI 1.1-2.7) for birthweights of <10th percentile and RR 3.6 (95% CI 2.0-6.5) for birthweights of <5th percentile (data not shown). Stratifying for the niece/nephew's gender or adding the niece/nephew's gender in the model had no significant effect on the outcomes (data not shown). Similarly, we assessed whether the corresponding paternal generational effects were influenced by the niece/nephew's birthweight percentile in 265 505 tetrads of births (Figure 1 ). We found no excess Table 3 . Occurrence (per 1000) and relative risks (RRs) with 95% confidence intervals (95% CIs) of severe and mild placental abruption, and placental abruption in general, according to the mother's and her sibling's own birthweight percentiles (<10 or 10+; n = 272 941) *Adjusted for period of birth (1967-74, 1975-82, 1983-90, 1991-98, 1999-2006, 2007-13) and marital status (married/cohabiting, other). **Adjusted for period of birth (1967-74, 1975-82, 1983-90, 1991-98, 1999-2006, 2007-13) and parity (0, 1, 2, 3, 4+). ***Adjusted for period of birth (1967-74, 1975-82, 1983-90, 1991-98, 1999-2006, 2007-13) , marital status (married/cohabiting, other), and parity (0, 1, 2, 3, 4+).
risk of placental abruption if the father's niece/nephew had a birthweight of <10th percentile, regardless of gender (data not shown).
If the mother, her sibling, and niece/nephew all had birthweights of <5th or <10th percentiles, the combined effects on risk of severe placental abruption were eightand four-fold higher than those with birthweights of ≥5th or ≥10th percentiles, respectively (15.2/1000, adjusted RR 7.7, 95% CI 3.2-18.7; 6.5/1000, adjusted RR 3.6, 95% CI 1.9-6.8; data not shown). The corresponding effects on placental abruption in general tended to be weaker (21.2/1000, RR 5.8, 95% CI 2.7-12.3; 9.2/1000, RR 2.7, 95% CI 1.6-4.5, respectively).
No significant time trends were found in the effect of birthweight percentiles on later placental abruption.
Discussion
Main findings
Mothers who were born SGA had an increased risk of developing placental abruption, especially severe placental abruption. If the mothers' full sibling or cousin/nephew also were born SGA, the generational effect increased. Fathers who were born SGA had an increased risk of fathering a pregnancy with placental abruption, but the paternal effect was much weaker than the maternal effect. The maternal and paternal effects were additive.
Strengths and weaknesses
A strength of this study was its population-based design, which reduces selection bias. Essentially complete record linkage and identification of relatives to parents were based on the unique national personal identification number and a genealogy file provided by the Central Population Registry.
The data were collected prospectively, which reduced recall bias. Another strength was that we could include a variety of possible confounding factors, such as socio-economic status and country of origin. The MBRN holds data on medical conditions such as chronic heart disease, rheumatoid arthritis, and diabetes mellitus type 1 and 2. Individuals who were growth restricted as fetuses have an increased risk of developing coronary heart disease, chronic hypertension, pre-gestational diabetes, 17 and rheumatoid arthritis later in life. 20 Thus, these conditions may be regarded as intermediate in the effect of SGA on later placental abruption, and adjusting for these conditions may not be correct. In our supplementary analysis, the effects of adjusting for these variables and maternal smoking were negligible.
Neither the main outcome variable (placental abruption) nor the main exposure (SGA) has been validated in the register; however, in the Norwegian Mother and Child Cohort Study and the MBRN, distributions of birthweight, gestational age and other variables used in our study were very similar, 21 indicating the satisfactory validity of the data. Furthermore, the incidence of placental abruption in a Norwegian tertiary hospital in 1986-93, based on prospective recording, 22 was 0.7% (95% CI 0.5-0.9%), and did not differ from the incidence in the same period based on our research file (0.7%, 95% CI 0.6-0.9%).
Another strength of this study is the grading of placental abruption according to severity, 10 which may not always be consistent with clinical grades based on size of retroplacental bleeding, fetal survival, and maternal clinical signs. 23 Most cases of severe placental abruption in the present study would also be classified as severe according to clinical Table 4 . Occurrence (per 1000) and relative risks (RRs) with 95% confidence intervals (95% CIs) of severe and mild placental abruption, and placental abruption in general, according to the mother's and her niece or nephew's own birthweight percentiles (<10 or 10+; n = 272 941)
The mother and her niece/nephew's birthweight percentile (<10 or 10+) *Adjusted for period of birth (1967-74, 1975-82, 1983-90, 1991-98, 1999-2006, 2007-13) and marital status (married/cohabiting, other). **Adjusted for maternal age in years (<20, 20-24, 25-29, 30-34, 35-39, 40-44, >44 years), period of birth (1967-74, 1975-82, 1983-90, 1991-98, 1999-2006, 2007-13) , and parity (0, 1, 2, 3, 4+). ***Adjusted for maternal age in years (<20, 20-24, 25-29, 30-34, 35-39, 40-44, >44 years), period of birth (1967-74, 1975-82, 1983-90, 1991-98, 1999-2006, 2007-13) , and marital status (married/cohabiting, other).
grades, however. Our grading is based on a limited number of basic variables that would increase the reproducibility in epidemiological studies. Our definition of severe placental abruption, 10 and a more comprehensive definition from a later epidemiological study, 6 cover 71 and 68% of all cases of placental abruption, respectively, suggesting that they are fairly consistent.
Comparison with other studies
The finding that mothers who were born SGA had excess risk of developing placental abruption is consistent with the results of a Swedish population-based study. 15 A new finding in the present study is that the effect of parents being born small was greater for the risk of developing severe placental abruption than for the risk of developing mild placental abruption. Furthermore, the contribution of SGA in relatives to the risk has not been studied before. The paternal generational effect was also studied in the Swedish study, but the subgroups were too small for the results to be conclusive. Still, the paternal effects found in both studies were similar.
Interpretation
The association between SGA and later placental abruption is consistent with the hypothesis stating that adult chronic disease, such as diabetes mellitus types 1 or 2, chronic hypertension, and other cardiovascular complications, may partly originate in fetal undernutrition. 17 The resulting chronic disease, like cardiovascular disease or diabetes, may affect placental development and cause placental abruption. Another possible link between fetal growth restriction and later placental abruption is the development of endothelial dysfunction at early age. 24 Previous studies indicate that endothelial dysfunction may be an inborn characteristic in individuals with fetal growth restriction that persists throughout childhood into adult life. 24 When a female growth-restricted fetus later becomes pregnant, endothelial dysfunction may influence the placentation process, resulting in disturbed transformation of the spiral arteries and altered circulation to the decidua, leading to complications like fetal growth restriction and placental abruption. The obviously absent similar pathophysiological pathway in males may partly explain the modest paternal generational effect.
The association between SGA and later placental abruption is also consistent with a hypothesis of intergenerational recurrence of shared genetic factors for fetal growth restriction and placental abruption. The shared pathophysiological pathways in the development of fetal growth restriction and placental abruption support this hypothesis. 25 This is in line with our earlier studies reporting that a history of giving birth to an SGA infant is associated with an increased risk of placental abruption in a later pregnancy in the same woman, 12, 13 and vice versa. 12, 14 Among the genes reported to confer a susceptibility to both fetal growth restriction and placental abruption, the set of genes that expresses thrombophilia are included. 26 According to polygenic theory, recurrence patterns of a trait or pregnancy disorder between relatives include higher recurrence rates from relatives with a severe phenotype, and between relatives if more than one family member is affected. 16 Although maternal genes are present in the decidua, placenta, and the fetus (including the fetal/placental mitochondria), paternal genes are present only in the fetus and the placenta. 27 The lack of paternal genes in the fetal and placental mitochondria may also in part explain the small paternal intergenerational effect of being born SGA. When only the father and not the mother was born SGA, the risk of placental abruption in general was higher than the reference, but this was only marginally significant. The combined parental effects consistently tended to be higher, however, than the maternal and paternal effects alone.
Although the mothers' siblings are closer relations to the mothers than their nieces or nephews, the influence of a sibling being born SGA on the generational effect was not greater than the influence of nieces/nephews being born SGA. Aggregation of SGA among close relatives, like siblings, may more often be compatible with normal growth (constitutional smallness) than among more distant relatives, like nieces or nephews, thus diluting the effect of SGA on placental abruption among siblings. This is in agreement with the notion that repeat SGA births in the same mother is less often associated with adverse pregnancy outcome than sporadic SGA pregnancies of parous mothers, occurring once in the same mother. 28 
Conclusion
Women who were born SGA have an increased risk of having placental abruption, particularly severe placental abruption. The corresponding paternal effect was modest. The generational effect increased when the mothers' relatives were also born SGA. Although the effects of being born SGA on the later risk of placental abruption was high, especially if relatives were also born small, with absolute and relative risks up to 2% and 8, respectively, it should be kept in mind that the majority of these women have uncomplicated pregnancies. The study supports the notion from our earlier study that placental abruption is an aetiologically heterogeneous disorder, 10 and that to study different phenotypes of placental abruption separately may shed light on whether the phenotypes have different genetic or environmental risk determinants. Health care professionals should be aware that women who were born small have increased susceptibility to placental abruption and other placental insufficiency related complications. 12, 15 
